Malaria is known to alter the shape and mechanical properties of red blood cells. It is also shown that cerebral malaria changes the mechanical properties of brain tissue. While few studies have characterized these biomechanical changes, there is no clear report on the accurate mechanical characterization of infected brain tissue by malaria parasites. In this study, the hyperelastic mechanical behavior of rat brain tissue infected with Plasmodium berghei ANKA is computed through different constitutive equations. Hyperelastic strain energy density functions are calibrated using the experimental data previously obtained. The ability of different hyperelastic constitutive equations to define the nonlinear behavior of brain tissue is verified using finite element simulations. The results of mechanical characterization obtained by uniaxial test results are in a good agreement with those predicted by the finite element models. The Ogden model is shown as the best model that matches and represents the nonlinear behavior of both healthy and infected rat brain tissues. The results of this study can be used in future biomechanical simulations of brain tissue and have implication in neurosurgery, robotic surgery, and haptic device design where an accurate mechanical characterization of brain tissue is of crucial importance.
Introduction
Malaria is a major global health crisis as more than 300 million people are infected by Plasmodium falciparum every year with total annual mortality of 2-3 million people (Core et al., 2011; Medana and Turner, 2006) . Plasmodium falciparum is recognized as the most life-threatening genus Plasmodium owing to neurological complications known as cerebral malaria (CM). CM is the preferential sequestration of stiffened parasitized red blood cells (PRBCs) in the cerebral microvasculature causing disruption of brain microvasculature leading to leakage or hemorrhaging into the brain (Adams et al., 2002; Combes et al., 2010; Kawai and Sugiyama, 2010; van der Heyde et al., 2006) . This has been correlated with decrease in deformability of RBCs while increasing their volume and stiffness which make it difficult to pass through the capillaries of the infected (Imai et al., 2010; Suwanarusk et al., 2004) . Hence, the sequestered PRBCs cause a significant alteration in brain tissue mechanical properties. It is shown that infected brain tissue by malaria parasite will become increasingly stiffen compared with the healthy tissue (Karimi et al., 2013b) . It was revealed that as the parasitemia level (0-9%) increases, the elastic modulus of brain tissue will enhance significantly up to 5.77 times. Defining the mechanical behavior of brain tissue is one of the most challenging and complicated areas of biomechanics (Miller, 1999 (Miller, , 2001 . Although research in this field has been carried out for more than 30 years, there is still no consensus within the scientific community on the optimal model that most closely defines the mechanical behavior of brain tissue. All scientists in the field of tissue mechanics believe that brain tissue does not behave like elastic solids, though hyperelastic constitutive equations were used by researchers to define brain tissue behavior more realistically (Libertiaux and Pascon, 2010; Sˇkrinjar et al., 2002) .
The linear and quasilinear models, mostly relevant in the small strain regime, are unable to fully capture the complexities of the tissue response at finite strains. In contrast, some of the large strain kinematics models, which integrate nonlinearities within their formulation, have been able to successfully reproduce some specific features of the tissue deformation over fairly complex loading histories. Hrapko et al. (2006) employed a multimode Mooney-Rivlin viscoelastic network in parallel with a nonlinear hyperelastic resistance to capture the simple shear responses of white matter in load, unload, and relaxation. In most instances, the phenomenological models proposed in the literature rely on a fairly large number of material parameters validated over a limited range of loading regimes/histories. Results published to date on the mechanical properties of brain tissue have mostly focused on healthy brain tissue and there is no information on the mechanical properties of infected brain by Plasmodium parasites (Kaster et al., 2011) . The mechanical information related to very soft biological tissues such as brain, liver, and kidney are of interest to several fields of study including computer-integrated surgery and biomechanical analysis of injury due to impacts. Mathematical models of brain tissue may find application where knowledge of local deformation and stiffness is required (Davis et al., 2006; Miller, 2005a; Miller et al., 2000; Morriss et al., 2008) .
Therefore, in this study a large strain kinematics of nonlinear hyperelastic models including NeoHookean, Mooney-Rivlin, Yeoh, or Ogden models are used to formulate the behavior of infected rat brain tissues by Plasmodium berghei ANKA and the model that most closely defines the tissue behavior is introduced.
Materials and methods

Materials and specimen preparation
The sample preparation, experimental setup, and stress-strain analysis were described comprehensively in our previous studies (Karimi et al., 2013c . Briefly, seven male rats aged from 10 to International Journal of Damage Mechanics 23(7) R E T R A C T E D 12 weeks and weighing between 240 and 250 g were intraperitoneally injected with 1 Â 10 6 PbA parasitized blood in order to induce murine CM. All rats were kept under specific pathogen-free conditions and housed in groups of three in plastic cages with autoclaved sawdust bedding. The rats received autoclaved food and filtered water refreshed every two days. The rats were maintained in the animal facility on a 12 h light/12 h dark cycle and screened to ensure a pathogen-free environment. The mortality of infected rats was monitored daily and parasitemia levels were assessed every 2 or 3 days by light microscopy of the Giemsa-stained (Merck, Darmstadt, Germany), thin blood smears using tail blood (oil immersion, magnification 1000Â). The brain tissue was tested within 8-10 h after removal using a uniaxial tensile machine according to the Miller method for testing of very soft biological tissues in compression. A steel pipe with sharp edges was used to cut cylindrical samples having a height and diameter of about 10 mm. This leads to the aspect ratio of 1 resulting the brain tissue to behave homogeneously under uniaxial loading (Rashid et al., 2012) . All samples were removed from the same zone of the brain. It should, however, be noted that it was difficult to obtain a completely cylindrical specimen. Therefore, we used an ordinal caliper to measure the crosssection of each specimen and an average cross-sectional area was used in the calculations.
Constitutive equations/Strain energy density functions
Hyperelastic materials use stress-strain relationships that are derived from strain energy density functions (SEDFs) (Allix, 2012; Bhatti, 2006) . The hyperelastic constitutive model is used to describe materials that are able to undergo large, recoverable elastic strain such as rubberlike polymers and soft biological tissues. An isotropic material has the same mechanical response regardless of loading direction. For an isotropic hyperelastic material the SEDF W is a scalar function of the right Cauchy-Green deformation tensor, C. The scalar function is composed of either the principal invariants or the principal stretches of the deformation, both of which are derived from the right Cauchy-Green deformation tensor. The experimental data were used to calibrate an isotropic hyperelastic SEDF in order to generate stress-strain relations that can be used in finite element (FE) simulation of brain tissue. Under the assumption that brain tissue is an incompressible and isotropic material (Karimi et al., 2013a (Karimi et al., , 2013d , it is possible to fit a general polynomial isotropic SEDF form (equation (1)).
In general, an isotropic hyperelastic incompressible material is characterized by a strain-energy density function W which is a function of two principal strain invariants only: W ¼ W(I 1 ,I 2 ), where I 1 and I 2 are defined as (Ogden, 1997 )
Here, 2 1 2 2 and 2 3 are the squares of the principal stretch ratios, linked by the relationship 1 2 3 ¼ 1, due to incompressibility. An effort was made to achieve approximately uniform contraction of the brain tissue with a specimen thickness of 10.0 AE 0.1 mm (mean AE SD) up to 30% strain. To do this, we used samples
with the height and diameter of 10 mm which results in an aspect ratio of 1. The assumption that brain tissue is a homogeneous material seems logical and ensures homogeneous deformations (Rashid et al., 2012) . Then the Eulerian and Lagrangian principal axes of strain and stress are aligned with the direction of tension, X 1 , and with any two orthogonal axes (lateral) X 2 and X 3 . Due to symmetry and incompressibility, the stretch ratios are now of the form
where ! 1 is the stretch ratio in the direction of tension. Also, equations (2) and (3) give
so that W is now a function of . During the experimental tension tests, the principal stretch ratio was calculated from the elongation e using equation: ¼ 1 þ e. The nominal/Lagrange stress component along the direction of tension S 11 was evaluated as S 11 F/A, where F is the tension force, as measured in Newtons by the load cell, and A is the area of a cross-section of the sample in its undeformed state. The experimentally measured nominal stress was then compared with the predictions of the hyperelastic models from the relation (Ogden, 1997) .
and the material parameters were adjusted to obtain a good curve fitting. Four different isotropic SEDF models were examined: Yeoh (equation (7)), Ogden (equation (8)), Mooney-Rivlin (equation (9)), and Neo-Hookean (equation (10)). The Yeoh, Mooney-Rivlin, and Neo-Hookean models are special cases of the polynomial SEDFs while the Ogden model can also be considered as a polynomial form in terms of stretch ratios as its variables instead of invariants. The polynomial along with the other specialized forms of the SEDFs can be written as
Where J ¼ det(F) and F is the deformation gradient. The terms, I 1 and I 2 are the first and second invariants of the left Cauchy-Green strain tensor, respectively. For a normalized deformation gradient
F , the Cauchy-Green strain tensor assumes the form: B ¼ F F T . The principle stretch, i is the eigenvalue of F . The polynomial coefficients, i , i , and C ij are material constants that were
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fit from the experimental data. However, in the present study J is equal to 1 due to the incompressibility assumption.
Numerical verification/FE modeling
FE models have been generated to simulate the four different energy density functions versus their FE modeling outcomes. These were performed to simulate the tests' geometry, dimensions, and boundary conditions, and yield the mechanical response in the form of displacements, deformations, and stresses. An axisymmetric model was made for the unconfined testing model, having a diameter and height of 10 mm. In order to examine the calibrated SEDFs as a representative candidate for the brain tissues, an FE simulation was performed and its result was compared with the tensile test. The objective was to verify the ability of the SEDFs to simulate a wide range of material points under different and general three-dimensional (3D) stress-strain states. The tensile analysis included 3D brick elements for the brain tissues. The numerical problem sizes of the FE model are 7680 and 33897 for the number of elements and nodes, respectively. Stress-strain curves from all FE analyses were generated and compared with those from the experimental results.
Statistical analysis
Data were first analyzed by analysis of variance; when statistical differences were detected, student's t-test for comparisons between groups was performed using SPSS software version 16.0 (SPSS Inc., Chicago, IL, USA). Data are reported as mean AE SD at a significance level of p < 0.05.
Results and discussions
This study is aimed at experimental and analytical characterization of the nonlinear mechanical behavior of brain tissue in healthy and parasitized conditions and provides accurate hyperelastic properties of brain tissue that can be incorporated in brain biomechanical models. Although brain tissue is known to exhibit viscoelastic behavior (Nguyen and Dormieux, 2011), the hyperelastic properties provide a reasonable estimate of the mechanical properties, especially when the loading rate is low. Four independent hyperelastic models, including Ogden, Yeoh, Mooney-Rivlin, and Neo-Hookean, are implemented for the nonlinear response of brain tissues. The validation of the curve-fitting algorithm has been performed using an FE simulation of the uniaxial tensile test (using a single element). Proposed hyperelastic models are calibrated from the experimental results and used to predict the mechanical response of the brain tissue under general stress states. The proposed calibrated model is implemented in an FE analysis for general brain tissue geometries and loading conditions. A schematic diagram of rat brain tissue under uniaxial loading is indicated in Figure 1 . Both results from the tensile experimental tests were used to calibrate the SEDF candidates used for axial constitutive modeling. The experimental data were used to fit the SEDF. Material constants for each SEDF candidate are listed in Tables 1 to 4 
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The Ogden SEDF shows excellent ability to model the stress-strain data for the entire data range. Indeed, soft biological tissue is proven to be represented well by the Ogden formulation and most of the mechanical test data available for brain tissue in the literature fit with an Ogden hyperelastic function (Feng et al., 2013; Karami et al., 2009; Miller and Chinzei, 2002; Rashid et al., 2012) ; hence, the Ogden hyperelastic model is a suitable choice to define the nonlinear mechanical behavior of brain tissue compared with other hyperelastic models. Furthermore, in order to verify the obtained mechanical properties in terms of model coefficients, it has been indicated that the ratio of 1 to 2 of Ogden model for a healthy porcine brain tissue was 1.41, and this value for healthy brain tissue in 
the present study is 1.21, which represents a difference of 13.88% (Feng et al., 2013) . The NeoHookean model shows linear stress-strain behavior and diverges from the test data toward the end of the loading. Yeoh and Ogden SEDFs showed very close response and matched the entire range of the tensile test results, as Kaster et al., (2011) indicated that Yeoh hyperelastic model is the most suitable model to define the mechanical behavior of brain tissue. Our FE results also indicated a very good consistency with experimental results and constitutive modeling, which originate from fairly suitable assumption in the behavior of brain tissue. The aim was to select a constitutive hyperelastic model for the brain tissue under loading conditions. Therefore, the Yeoh and Ogden functions seem to be the most logical selection to represent the brain tissue behavior where incompressible behavior Karimi et al.
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is expected for higher stretch values. Head impacts may induce large brain deformations at high strain rates, so the proposed hyperelastic constitutive equation that serves a large deformation can be a good choice for crash modeling purposes (Hardy et al., 2007) . In addition, mechanical characterization of brain tissue has become an increasingly important topic in the understanding and treatment of central nervous system (CNS) pathology (Kyriacou et al., 2002; Pen˜a et al., 2005; Schettini and Walsh, 1984) . In the emerging field of CNS regenerative medicine, brain biomechanics are highly relevant for potential therapeutic strategies involving the implantation or injection of biomaterials (Delcroix et al., 2010; Walker et al., 2009) . In particular, an understanding of the brain's mechanical properties may allow for the selection of a biomaterial that is both safe and effective in its desired therapeutic application. For example, it may be necessary to avoid an excessively stiff material that could cause damage to the brain when being placed into a defect in vivo (Elias and Spector, 2012) . Thus, the mechanical properties found in this study may give an insight to design and fabricate a suitable scaffolding material for brain tissue engineering. For the design of biomaterials intended for implantation into a brain lesion, it is beneficial to characterize their mechanical properties and understand how they relate to the properties of the brain tissue (Orive et al., 2009 ). While it is not supposed that a material should need to have properties identical to the brain to be effective, it is ideally supposed that a material posses the mechanical properties as close as possible to the tissue being replaced. Injuries in the brain, for example, could arise from highvelocity projectiles such as bullets or shrapnel that result in a broad region of necrosis with eventual cavitation (Williams et al., 2006) . A biomaterial can potentially be used to fill the cavity in the brain and deliver pharmacological or cellular therapeutic agents. While an existing animal model (Williams et al., 2005) offers the potential to investigate this treatment strategy, it is important to first identify biomaterials with appropriate mechanical characteristics. Finally, the hyperelastic properties of brain tissue may have many uses in the research areas that need accurate mechanical information such as in silico brain models used for surgery or injury simulation, surgical simulators that have many benefits to both medical teaching institutes and neurosurgery residents. Moreover, simulation models that contain detailed anatomical description but lack accurate validated descriptions of the mechanical properties are needed. As there is a lack of validated brain tissue properties, the realistic haptic sense of these models may be limited (Kaster et al., 2011; van Dommelen et al., 2010) .
Limitations
How to use in vitro experimental results in a more realistic in vivo environment remains an open question. More experimental work is required to verify the validity of the assumptions used for model derivation as well as the numerical values of brain tissue constants. Further research is needed to determine brain tissue constitutive models, which would incorporate the influence of the blood and cerebrospinal fluid pressure and flow. However, recent computer simulation results suggest that brain properties obtained in vitro are close to those needed to model a realistic brain deformation under surgical load. Although the mechanical behavior of brain tissue using hyperelastic models could be defined, brain tissue indicated viscoelastic behavior (Donnelly and Medige, 1997) as well, which should be considered in future studies.
Conclusion
This study investigated the nonlinear mechanical properties of infected rat brain tissue by P. berghei ANKA using a uniaxial tensile test instrument. The study revealed that the Ogden hyperelastic
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International Journal of Damage Mechanics 23(7) R E T R A C T E D model can be considered as the best choice to define the nonlinear mechanical behavior of brain tissue in tension. Moreover, the Yeoh hyperelastic model depicted a good fitting to experimental results which makes it a proper choice to describe the mechanical behavior of rat brain tissue as well.
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